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CHAPTER - I 
INTRODUCTION 
INTRODUCTION 
1.1 Electron Paramagnetic Resonance 
In Electron Paramagnetic Resonance (EPR) , the 
microwave energy is absorbed from an oscillating magnetic 
field resulting in induced magnetic dipole transitions 
between the ground state energy levels of a paramagnetic 
system placed in a steady magnetic field perpendicular to 
the oscillating magnetic field. The steady magnetic field 
splits the energy levels of the paramagnetic ion while the 
oscillating magnetic field induces the transitions. The 
splitting of the energy levels by a magnetic field is 
usually referred to as the Zeeman splitting. The microwave 
energy absorbed at resonance reorients some of the magnetic 
dipole in the steady magnetic field. The total integrated 
2 
intensity of a magnetic resonance spectrxam depends upon the 
interacting magnetic moment. This intensity of an EPR 
spectrum can be over 10 times that of an Nuclear Magnetic 
Resonance (NMR) spectrum. 
The EPR technique gives more accurate information about 
the magnetism of the ground state of a paramagnetic system. 
The principal information contained in EPR spectra is the 
values of the various terms such as Zeeman interaction, 
hyperfine interaction involved in the spin Hamiltonian of a 
paramagnetic complex. Narrow lines of resolution are best 
obtained in single-crystal solids which have paramagnetic 
centres properly diluted in a diamagnetic host. 
To obtain maximum information by EPR study, the spectra 
of a paramagnetic system are to be recorded at several 
orientations, temperatures, frequencies and microwave 
powers. These are used to identify \3nknown transition metal 
ions or lattice defects and to distinguish between several 
valence states of the same ion. In pure crystals, waters of 
hydration and bulky anions may present serious spin pairing 
resulting broad EPR lines which encounter to a loss of 
resolution. So most investigators prefer to work in doped 
crystals. 
The objects of investigation by EPR are the atoms, 
molecules, ions or radicals having non-zero resultant 
angular momentum so that there is net magnetic moment to 
interact with the applied steady magnetic field i.e., the 
substance must be paramagnetic. The ions of various 
transition groups and rare earths doped in crystal show 
paramagnetism as they have unpaired electrons in incomplete 
d or f shells. Unpaired electrons are also found in free 
atoms like atomic hydrogen, metals, semiconductors, enzymes, 
catalysts, substances with radiation damage and free radical 
type complexes etc. The spectra recorded at various 
orientation of a doped diamagnetic single crystal with 
proper level of paramagnetic iitpurity, are helpful 
identifying the lattice site and symmetry of the 
paramagnetic ion. Paramagnetic centres are produced in 
crystals by heat, light or X-rays. Polycrystalline and 
liquid compounds studies can also be done using the same EPR 
technique as exploited for single crystals. 
Chemical bonds in molecules and crystals may be 
characterized by EPR studies. Effective masses of atoms in 
semiconductors may be deduced. EPR studies furnish detailed 
information on ferromagnetic, antiferromagnetic, '^nd 
ferrimagnetic materials. Diffusion constants, correlation 
times and the type of hydration can be determined through 
EPR spectra of solutions. In some cases the substitution of 
an ion or molecule in a lattice leads to a distortion. EPR 
spectra can also be particularly sensitive to such small 
distortions from ideal symmetry. 
1.2 Principle of EPR 
Electron Paramagnetic Resonance involves the resonance 
absorption of electromagnetic radiation by unpaired 
electrons in a magnetic field. A free paramagnetic ion 
having a total angular momentum J, has a magnetic moment iC 
given by 
/- = - g/^J (1.1) 
where negative sign on the right hand side appears due to 
negative charge on the electron, 'g' is Lande' splitting 
factor expressed by 
-, ^  J(J+1) + S(S+1) - L(L+1) ,-, ,v 
9 = ^ + 2j(j+l) ' ^^-2) 
S and L are the electron spin and orbital angular momentum 
eh 
vectors giving J = L + S, & B = is known as Bohr 
magneton having e, m, as electronic charge and mass, h as 
Planck's constant and c as the velocity of light. If such a 
paramagnetic ion is placed in a steady magnetic field H, the 
energy levels are given by 
E^ = g^HM (1.3) 
where M is the projection of J along H, having (2J+1) values 
in integral steps as M = +J, (J-1), (-J+1), -J. 
This Zeeman splitting of energy levels is shown in Fig. 1.1 
for J = 5/2. The separation of energy levels is directly 
proportional to the field H. An oscillating magnetic field 
of microwave frequency applied perpendicular to the steady 
magnetic field H, produces magnetic dipole transitions given 
by the selection rule AM = +1. The photons which are 
resonantly absorbed for dipole transitions are those whose 
energy is, equal to the separation between adjacent energy 
levels i.e. 
h5 = r (1.4) 
J =5/2 
M 
/^  
Free ion 
y^ \ 
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Fig. M Splitting of energy levels and the allowed 
transitions of a free ion with J = 5/2 in a 
static magnetic field. 
For J = 5/2, the possible transitions for the levels 
M = +5/2f +3/2, +1/2 are restricted by A M = +1 and are 
+5/2 <-> +3/2, +3/2 <-^  +1/2, +1/2 <-i -1/2, -1/2 <-^ -3/2 and 
-3/2 <-^ -5/2. Equation (1.4) gives the condition- of 
3 
electron paramagnetic resonance . As the levels are equally 
spaced, the transitions are superimposed. For H = 3 30 0 gauss 
and g = 2 the resonant frequency p is 10 GHz i.e. frequency 
of microwave radiation required to produce magnetic dipole 
transitions. The energy levels in the ground state 
multiplet are populated according to Boltzraann distribution; 
the lower ones are more populated than the upper ones. The 
dipole transition increases the population in the upper 
levels of ground state disturbing the normal population 
difference in thermal equilibrium. With the help of 
relaxation processes the population difference between 
ground state energy levels is maintained. This is necessary 
for continuous absorption of the microwave radiation 
required in the detection of resonance. 
A paramagnetic ion in a crystalline solid is far from 
free; its orbital momentum is quenched due to electric field 
(ligand field, crystal field) produced by the ligands which 
are charged particles or neutral molecules making up the 
crystalline solid. The orbital motion is effectively locked 
to the crystal field and some of the orbital degeneracy is 
removed. This removal of orbital degeneracy produces a 
ground state with a reduced orbital momentum. The crystal 
field produced by the ligands not only splits the ground 
state but also the higher states into a number of components 
similar to Stark effect. Site symmetry of the paramagnetic 
ion is same as the point symmetry of this crystal field. 
The magnetic moment associated with the spin of the electron 
is affected only indirectly by the crystal field through the 
influence of spin-orbit interaction which admixes some of 
the orbital magnetic moment with the spin. The g-factor is 
modified and made to depend upon the relative orientation 
between and applied external magnetic field and principal 
axes of the crystal field. The spin-orbit interaction tends 
to couple .the electron spin to the axis of the crystal 
field. The electronic ground state in a crystal field is 
characterised by a single quantum number S' known as 
effective spin having multiplicity equal to (2S'+1), though 
each state of the ground state is a mixture of spin and 
4 
orbital wave functions of the free ion . The splitting of 
the ground state in the external magnetic field is modified 
by the crystal field as shown in Fig. 1.2 for J = 5/2. The 
EPR is observed between ground-state energy levels 
separated by crystal field and magnetic field. The 
condition for the absorption of microwave radiation given by 
equation (1.4) has a modified splitting factor known as 
5 
g-factor . Thus effective spin S' is not necessarily equal 
to the actual spin and may be determined by equating the 
8 
c 
UJ 
J = 5/2 
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a) Free ion b) Effect of jcrystal field c)Effect of magnetic field 
•>H 
Fig V2 Energy level splitting in a crystal field and a magneli( 
field for an ion {J= 5/2) doped in a crystal. Allowed 
transitions are indicated. 
number of dipole transitions equal to 2S'. In general, the 
g-factor is anisotropic and has nine components. In terms 
of princial values g , g and g , it is given by 
g = (l2g2 + in2g2 + rx^g^^^ (1.5) 
where 1, m and n, are the direction cosines of g with 
respect to x, y and z axes respectively. For octahedral 
symmetry 'g' is isotropic. The knowledge of g-factor is 
extremely valuable in the determination of unknown 
configuration. 
1.3 Fine Structure 
For a free atom or ion having resultant angular 
momentum J = 5/2, the transitions between energy levels 
M = +5/2, +3/2, +1/2 given by the selection rule A M = +1 
occur superimposed (Fig. 1.1) at a particular magnetic 
field. If the ion is doped in a crystal, due to the crystal 
field splitting, the Zeeman components cease to be equally 
spaced at a given magnetic field. Therefore for a-
particular frequency of microwave radiation, the transitions 
4M = +_1 occur at different values of magnetic field. The 
superimposed lines are resolved (Fig. 1.2). This is known 
as fine structure splitting . It gives a measure of crystal 
field strength. 
iO 
1.4 Hyperfine Structure 
The existence of a nuclear magnetic moment and its 
interaction with the electronic magnetic moment affects the 
energy levels of the same atom or ion. If the 
nucleus of the paramagnetic ion has spin I, it interacts 
with its electronic angular momentum resulting in further 
splitting of energy levels known as hyperfine splitting. 
A nucleus with non-zero spin will have magnetic moment 
11. usually expressed as g»jU„ I where the g-factor g = -^^ is 
useful in expressing the resolved component of nuclear 
magnetic moment along a field direction as g»jU-,, magnetic 
quantum number m can have (21+1) values between I, I-l, ... 
- I+l, -I. In hyperfine structure each level of the 
fine structure splits into (21+1) equally spaced levels. 
The Mn"*"^  ion has a half filled 3d shell (3d^), (J = S = 5/2, 
I = 5/Ti . Under crystal field, the ground state energy 
levels in a magnetic field are M = +5/2, +3/2, jfl/2. Each 
of these levels splits into six levels (21 + 1 = 6) due to 
7 
nuclear spin. This splitting is shown in Fig. 1.3 . 
The transitions allowed are those given by the 
selection rule AM = +1, & ^ m = 0. 
1.5 Detection of Resonance 
Electron Paramagnetic Resonance is manifested by the 
absorption of power by the sample from oscillating magnetic 
11 
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field H- (t) of microwave radiation of single frequency at a 
rate proportional to the magnetization of the spin system. 
The resonance is reached by slowly varying the steady 
magnetic field and observing the effect of magnetization of 
the sample in presence of microwave radiation. 
The magnetization of the spin system may be represented 
by a complex susceptibility 
where ^ , the real part is in-phase with oscillating 
magnetic field H, (t) which does not affect the power 
absorption by the sample. The imaginary part 'X' on the 
other hand is in antiphase with the H,(t) and it determines 
the power absorption at resonance. When this absorption is 
2 5 
modulated at frequencies from 10 to 10 Hz, as a result the 
first derivative of EPR signal can be observed on an__EPR 
spectrometer. The work carried out in this dissertation 
describes EPR study of some transition metal ions doped in 
single crystal. 
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CHAPTER - II 
GENERAL THEORY OF ELECTRON 
PARAMAGNETIC RESONANCE 
GENERAL THEORY OF EPR 
2.1 The Hamiltonian of a Free Paramagnetic Ion 
Quantum mechanical treatment of EPR requires the 
formulation of a Hamiltonian of the paramagnetic ion in a 
proper environment. The free ion Hamiltonian consists of 
various electrostatic and magnetic interactions related to 
charge and magnetic moments of electrons outside the closed 
electronic shells, nuclear charge, nuclear quadrupole moment 
and magnetic moment. These interactions and their relative 
magnitudes are described below. 
The Coulomb interaction concerned with the interaction 
of the electrons with one another and with nuclear charge Ze 
is given by 
N p^ „ 2 N 2 
k=l k k>j=l kj 
where Ze, e & m are nuclear charge, electronic charge and 
mass, p, is the linear momentum & r, is the radius vector 
from nucleus to the kth electron. The radius vector from 
kth electron to jth electron is written as r, .. The 
kj 
summation is taken for all the possible coulombic 
interactions. 
The spin-orbit interaction gives the magnetic 
dipole-dipole coupling between the electron spins and their 
15 
orbits as in the form 
where X., are constants, 1. is the orbital angular momentum jk j 
of jth electron and s, is the spin angular momentum of kth 
electron. For a particular state, equation (2.2) can be 
written as 
X L S = A I-S (2.3) 
where L = 2 - l . , S=21 s, and X is spin-orbit constant for j J k ^ 
a given ion. 
The spin-spin interaction r epr esent s the mutual 
interaction between magnetic dipoles having spins s. & s, 
1 
with energy of interaction given by 
s-.s, 3(r., .s.)(r., .s, ) 
j k jk 2 » -1' 1-' 
I 3 ~ ' 
Dk r., r-
U — ~s..Si . ]
j k • 'jk 
where B is the Bohr magneton. 
The hyperfine interaction consists of two terms : The 
dipole-dipole interaction and Fermi contact interaction. A 
nucleus with spin I and magnetic moment n^ interacts with 
the local magnetic field produced by the orbital motion of 
electron and its spin. The contribution of this term to the 
Hamiltonian is expressed as 
16 
^ ^k i^c 
where 7 and B = efi/2M c are nuclear gyromagnetic ratio and 
nuclear magneton respectively. The Fermi contact interaction 
comes from s electrons. This anomalous interaction occurs 
between the s electrons with the nuclear spin. Lt- is 
expressed as 
The hyperfine interaction thus obtained is 
^ ""k ^k 
+ ^^{r^){s^.l)] (2.5c) 
3 
Nuclear Quadrupole Interaction describes the energy of 
electrostatic interaction of electrons with quadrupole 
4 
moment Q of the nucleus in the form 
^ Q " 21(21-1) t"^ 3 5 ] (2.6) 
^ "k ^k 
The interaction of electronic and nuclear magnetic 
moments with external magnetic field are expressed by 
= p(L+2S).H (2.7) 
17 
and 
^ H N = Vp^I-H (2-8) 
respectively. 
Collecting all the terms, the total Hamiltonian of free 
ion in the presence of external magnetic field is given by 
The magnitudes of these terms are of the following ordei: 
^^-' 10 cm' }i 5 __-l
J\ ^ \y^ 10 cm" Crystal field iron group 
LS 
10^ - 10"^  cm"-*" Far I n f r a - r e d 
2 -1 10 - 10 cm C r y s t a l f i e l d r a r e e a r t h s 
}i^ ^ 10"-^ - 10"-^ cm"-"-
^ Q 
% H 
HN 
L^* 
V ^ ^ 
L--I 
10' 
. 1 
10' 
-3 
cm 
- 1 
cm 
-3 
cm 
-1 
-1 
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2.2 Paramagnetic Ion in a Crystal Field 
In solid state, valuable informations are obtained 
about the ion as well as the host (usually a diamagnetic 
crystal doped with a paramagnetic impurity) using EPR 
probes. Therefore it is necessary to consider the 
paramagnetic ions in an environment presented by the 
diamagnetic host lattice. A paramagnetic ion inside a 
diamagnetic crystalline environment experiences a 
"crystalline electric field" whose sources are point charges 
5 6 7 — 
(ions) or point dipoles ' ' surrounding the paramagnetic 
ion. The crystalline electric potential reflects the local 
symmetry of the ionic environment. The crystal field splits 
various states similar to "Stark effect" lifting some of the 
orbital degeneracy of the ground state as well as higher 
states and thus adds a potential energy term /L to the 
Hamiltonian which becomes 
>t=>i™<„^?i . ionlo -cr <2-") 
This situation occurs when small concentrations (less than 
0.1%) of magnetic ions are present as impurities in 
diamagnetic crystals. Such materials are said to be 
magnetically dilute. 
H The magnitude of corresponding to crystal potential 
'V p as compared to the other terms in the Hamiltonian 
determines the nature of magnetism in solids. Three cases 
19 
can be classified: 
(a) Low field case - Lanthanide ions (4f ) 
crystal field energy < spin-orbit interaction. 
/I < X L-S 
•^  cr ' 
(b) Medium field case - Iron group ions (3d ) 
crystal field energy > spin-orbit interaction. 
•X L.s <H^< £ - ^ 
"^^  k>j=l ^kj 
(c) High field case - Transition groups ions (4d ) & (5d ), 
and also covalent complexes of 3d ions. 
X > s -si 
' ""= k>j=i -^ kj 
The symmetry and strength of the crystal field is very 
important factor in splitting the states. For the complexes 
2 
of iron group (known as high spin complexes, A < 2^ —^) 
^^ k>j=l ^kj 
the effect of the crystal field is considered on the 
Russel-Saunders states of the free ions. The total 
Hamiltonian of a paramagnetic ion including the effect of 
the crystal field under external steady magnetic field may 
be written as 
2.3 Crystal Field Splitting 
The effect of crystal field is to interact strongly 
20 
with the orbital motion of the electrons. The orbital 
states are split depending upon the symmetry of the crystal 
field. Their degeneracy is removed partially or completely 
due to the quenching of orbital motion of paramagnetic ion 
in solids. The spin is indirectly coupled to the crystal 
field through spin-orbit interaction. 
The result of the above interactions is to produce the 
energy levels in the ground state which could be represented 
by a spin quantum number S'. 
The crystal field potential V^^ satisfies the Laplace's 
2 
equation \7 V-.- = 0 and can be expressed as 
V,, = r r r A > " ^: (e,,*,) (2.12a) 
n m=n k 
= £ £ y^F (2^12b) 
n m n 
where spherical harmonics, Y = (-1) Y and coefficients, 
A = (-1) A . The sum over k takes into account all 
n n 
electrons. The ligands are supposed not to overlap the 
paramagnetic ion. A Hamiltonian totally symmetric under all 
symmetry operations, requires that V__ should also transform 
as a totally symmetric representation. In the expansion of 
Vp the first approximation is made due to the effects arise 
from degeneracies in incomplete d or f shells, all harmonics 
of odd-order is ineffective as matrix representation of an 
21 
odd-order potential in a basis of orbitals with the same 
parity vanishes identically. The natxare of the paramagnetic 
ion further restricts the terms in the expansion of V e.g. 
upto n=4 & n=6 respectively for d & f electrons. In a 
g 
crystal field of octahedral symmetry the form of V for d 
electrons is 
r+4 . „-4 V^p = Y;; + 75714 (Y^ ** + Y--*) (2.13) 
The axis of quantization being considered along four-fold 
axis and multiplication factor being left out. 
The components of crystal field splitting under any 
symmetry may be easily determined by group theoretical 
methods. Table 2.1 describes the crystal field splitting of 
the ground states of iron group ions under octahedral 
3+ 4 
symmetry. For example, Cr^  has a ground state F which 
4 4 4 
splits into A2 + T. + Tj in a crystal field of 0. 
symmetry. The orbital degeneracy is further lifted out by 
lowering the symmetry. 
2.4 The Spin Hamiltonian 
A paramagnetic ion in a crystalline environment may 
exist in one of a large number of discrete energy levels 
which are the eigenvalues of the actual Hamiltonian 
represented by Eq. (2.11). Normally only the lowest state 
22 
Table 2.1 
Crystal Field Splitting of the Ground States of Transition 
Metal Ions. 
No. of d Transition laetal x-^j^ of Total Splitting under 
electron ions ^^^^ ^ ^^ Spin S Oy, 
3dl v4^Ti3+ 
3d' 
3d-
3d' 
3d 
3d-
Cr4^Ti2+ 
., 4+ ^ 3+ „2+ 
Mn ,Cr ,V 
-,,4 ., 3+ _ 2+ 3d Mn ,Cr 
o,5 „ 3+ .. 2+ „ + 3d Fe ,Mn ,Cr 
^ 3+ „ 2+ „ + Co ,Fe ,Mn 
„.3+ ^ 2+ „ + Ni ,Co ,Fe 
^ ,8 • 3+ „.2+ _ + 3d Gu ,Nx ,Co 
Cu2^Ni•^ 
D 
'D 
1/2 
1 
3/2 
2 
5/2 
2 
3/2 
1 
1/2 
2 2 E +^T^ g 2g 
3 3 3 
•^ T, +-^ T^  +-^ A^  Ig 2g 2g 
4 4 4 
^2g+ ^Ig^ '^ig 
h +5T, 
g 2g 
ig 
5 5 
^E +^ T-, g 2g 
4 4 4 A^ + T, + T^ 2g Ig 2g 
3 3 3 — 
2g Ig 2g 
2 2 E + T^ 
f 2g 
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(ground state) is populated at ordinary temperature and 
consists of a group of energy levels (ground state 
multiplet). The energy of each of these levels is dependent 
on the properties of the paramagnetic ion, the effect of the 
crystal field and applied magnetic field, and the nuclear 
interactions. In resonance experiment, the magnetic dipole 
transitions are induced between the levels of the ground 
state multiplet by an incident electromagnetic radiation of 
microwave frequency. 
As the actual Hamiltonian represented by Eq. (2.11) has 
a large number of terms and involves long and complicated 
calculations, it is unsuitable for determining the energy 
levels, and discussing and understanding the actual EPR 
spectra. Therefore it is necessary to search a method of 
describing the energy in terms of a small number of 
9 
parameters permitting the experimental results to be 
expressed in a simple and concised way. Such a method has 
been developed by Pryce , and Abragam and Pryce using 
perturbation theory and is known as the method of Spin 
Hamiltonian. 
The terra Spin Hamiltonian means any Hamiltonian energy 
expression which has been reduced to parameters containing 
net electron spin. The spin Hamiltonian is an approximate 
way of looking at the system, metal ion plus ligands. The 
simplest of all the spin Hamiltonian terms is that for ^ 
24 
free electron spin in an external magnetic field is 
with energy eigenvalues 
E = ggpH^Mg (2.15) 
where M = ±H- This operates on spin function only. 
If we consider the total Hamiltonian given by Eq.(2.11) 
in the form 
>l= >^ 0 - X ' (2.16) 
yi will represent the Coulomb interaction and ^' will 
represent all other perturbing terms corresponding to 
various interactions. Among the terms in \|', crystal field 
is dominant followed by spin-orbit interaction. The 
perturbation calculations, using the terms in l(' one by one 
in decreasing order, lead to a Hamiltonian in terms of spin 
in place of \|' as given below 
y ^ r^..ir, = S g. .PH.s. + %. D. .s.s. + X- h. ,s.i. 
^ spin ^j ^xjy X 2 j^j 13 1 3 ^j 13 1 ^  
+ C Q. .1.1. - ^ / B H.I. (2.17) 
^ ID 1 D ij (N 1 3 ' 
where i,j = x,y, and z; g..,D..,A.. and Q.. are second rank 
13 13 13 -'-3 
tensors coupling the vectors and their physical meanings 
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have been explained in the next section. S^ .^ and I^. are 
spin operators. The spin Hamiltonian may be written more 
conveniently in the form 
5^ . =. BH.g.S + S.D.S + S.A.I + I.Q.I - / B H.I (2.18) 
" spin r «^  "^  ^ -^  /N^ 
This Hamiltonian i s suf f ic ien t and convenient to i n t e rp re t 
EPR spec t ra . 
A system of orthogonal axes may be chosen to represent 
the p r inc ipa l axis system c rys t a l f ie ld symmetry. Each 
tensor in the Eq. (2.18) may be diagonalized in t h i s system. 
The transformation to pr inc ipa l axis system reduces the 
number of components of tensors t o three pr inc ipa l values.-
If the p r inc ipa l axes of the tensors do not coincide with 
each other , each one has i t s own pr inc ipa l axis system such 
as in a t r i c l i n i c symmetry. All the tensors have a common 
pr inc ipa l axis system in higher symmetries e .g. in 
orthorhombic c rys t a l f i e l d . A spin Hamiltonian in the 
pr inc ipa l axis system of orthorhombic symmetry has the form 
0-( . = B[g HS + g H S + g H S ] 
* spin r X XX y y y ^z z z 
+ D[S^ - i s ( S + l ) ] + E[S^ - S^] 
z 3 X y 
+ A S I + A S I + A S I 
X X X y y y z z z 
+ Q 'LI^ - 3 1 ( 1 + 1 ) ] + Q " [ I ^ - I y ] ( 2 . 1 9 ) 
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where D = D^ - h[D^ + D ], E = ^[D - D ], 
Q' = Q^ - [^Qj^  + Qy] and Q" = h[Q^ - Q^ ] • 
For each symmetry, there is a different spin Hamiltonian 
12 13 
with a well known form ' . The actual Hamiltonian 
operating on actual eigenfunctions is equivalent to the spin 
Hamiltonian operating on spin functions as far as energy 
eigenvalues are concerned. 
2.5 Spin Hamiltonian Parameters 
Experimental information about a paramagnetic system is 
derived from the observed EPR spectrum in terms of spin 
Hamiltonian parameters which are second rank tensors having 
physical meaning given below. 
a) g-Tensor: Lande' splitting factor "g" of a free 
paramagnetic ion depends on L, S, and J values. In solids 
the splitting factor becomes g-tensor and differs from free 
ion value. In terras of free spin value g (=2.0023), the 
g-tensor in the principal axis system may be written as 
g. . = g^S. . - 2\ A. . (272 0) 
^ i j . ^ e i j '^''ij 
where "X is spin-orbit coupling constant and A. . is the 
matrix element connecting two states. If there is no spin 
orbit interaction, X will be zero, and the g-tensor will be 
isotropic. In orbital singlet ground state, it is nearly 
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equal to the free spin value. In other cases, it is given 
by the above expression (eq. 2.20). It is in fact an 
experimentally determined quantity obtained by equating the 
number of transitions in the ground state to 2S' and defined 
by 
<L+2S> = gS' (2.21) 
In orthorhombic crystal field, the principal values of 
g-tensor are unequal i.e. g ^g ^ g . In octahedral field it 
is isotropic with g =g =g while in tetragonal, trigonal or 
hexagonal crystal field if z is the axis of symmetry g =g„, 
and g^ =gy=g_L. 
b) Fine Structure Coefficients, D and E: The effect of 
spin-orbit coupling, spin-spin interaction and crystal field 
is responsible for fine structure and produces the splitting 
of the ground state multiplet. The tensor D is a measure of 
this splitting in an axial crystal field. The expression 
S.^.S in the spin Hamiltonian can be written for 
orthorhombic symmetry as 
S.D.S = D[S^-^S(S+1)]+E[S^-S^] 
"^  z J X y 
^lt(^xx-^V°zz^S(S+l)] (2.22) 
where D = D - 3j[D +D 1 ( 2 . 2 3 ) 
z z •• XX yy* M-.^^I 
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and 
E = JJLD -D ] (2.24) 
Here the additional term E describes the effect of fields of 
lower symmetry orthorhombic contribution of the crystal 
field. 
c) Hyperfine Structure Coefficient, A : It accounts for 
the interaction between the electronic and nuclear spins and 
Fermi contact interaction. The separation between hyperfine 
levels is governed by this coefficient. It has angular 
dependence and therefore its principal values have to be 
specified. The principal values of A are denoted by A , A 
and A . ' If there is axial symmetry, A =A„ and A =A =Ai . 
When such symmetry is absent, values along all the three 
orientations of principal axes are determined. For 
orthorhombic symmetry, A , A , and A are all different. 
d) Quadrupole Coupling Tensor, Q : The quadrupole 
interaction is the product of the nuclear quadrupole moment 
and electric field gradient due to all surrounding 
electrons. Q is a measure of this interaction. If the 
electric field gradient is non-zero, the magnitude of Q 
determines the electron concentration in a bond responsible 
for non-zero electric field gradient. It may have axial and 
orthorhombic components. Its magnitude is determined—from 
forbidden hyperfine transitions. 
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2.6 Selection Rules 
In EPR experiments, the ground state of a paramagnetic 
ion is split under a constant magnetic field H and magnetic 
dipole transitions are induced between Zeeman levels when 
oscillating magnetic field component H,(t) of the microwave 
9 
radiation is perpendicular to H . The total magnetic field 
may be expressed as 
H = H, (x cos wt + y sin wt) + H z (2.25) 
where w/27tis the frequency of microwave rad ia t ion . 
The spin Hamiltonian terms involving H such as BH .g.S 
O ' O •^n 
and y B H .1 may then be used to express the perturbation 
terms by substituting H, in place of H 
Oi^ = pU^.g.S -/pjjHj^ .I (2.26) 
This oscillating perturbation induces transition state |i> 
and Ij> and the transition probability w.. per unit time is 
proportional to |<j| '^i|i>| • Now the intensity of 
transition may be expressed as 
lij = l<Jl>^i|i>l' 
- 2/pj^ p Re[<j|Hj^.g.S|i><j|H3^.l|i>*] (2.27) 
If the first term is non-vanishing, this will produce EPR 
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transitions. Low frequency NMR transitions are caused by 
the second term while the third one is negligibly small. If 
the direction of spin quantization is along the steady 
magnetic field and NMR transitions are ignored, the allowed 
EPR transitions are given by 
4 M = +1, M = S,S-1,S-2, , -S 
and 
^m = 0, m = I, I-l, 1-2, , -I. 
Transitions not allowed by above selection rules are 
known as 'forbidden' transitions. As the eigenstates with 
spin quantization along H.g are not pure |M,m> states, off 
diagonal terms due to D will generally mix in |MHhl,m> and 
|M+^ 2,m> with an amplitude of the order of D/gpH. Other 
functions also get mixed in but with even smaller amplitudes 
2 2 2 2 
of D /g B H as higher order . The t r a n s i t i o n s corresponding 
to the ilM = +2, +3 but having much smaller i n t e n s i t i e s 
2 
depending on (D/gBH) are called 'fine forbidden' 
transitions. 
If the hyperfine term S.A.I is present with fiH.g.S in 
the spin Hamiltonian, the intensity of some transitions is 
even lower by A/(gpH) due to the admixtures of the 
eigenstates |M+l,m>, |Mjfl, m+l>, and |M+1, m'+l>. Thus 
transitions corresponding to ^ m = +1 are known as 
'hyperfine forbidden' transitions. 
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2.7 Relaxation Processes 
EPR transitions of the electrons among the various 
levels of the ground state of the paramagnetic ions in an 
external magnetic field occur due to the microwave field 
from the lower levels to higher ones. The electrons return 
to lower levels by relaxation processes and the absorption 
of the.microwave radiation continues. The relaxation processes 
proceed by (i) interactions of the spins with the lattice, 
and (ii) interactions among the spins themselves. 
A. Spin-Lattice Relaxation 
I, 
The spin system in thermal equilibrium in the absence of 
resonance absorption gets heated by absorbing radiation of 
frequency y^  at resonance. The heated spins return to 
thermal equilibrium by an exponential process with time 
constant T-, which serves as a measure of energy transfer 
from the spins to the lattice. This process is called 
spin-lattice relaxation process. The crystal field 
14 
surrounding the paramagnetic ion gets phonon modulated and 
the relaxation proceeds by the processes discussed below. 
i) Direct Process: This process proceeds by phonon emission 
whose energy is equal to the difference in the energy of two 
levels of the ground state between which the electron 
15 transition has already occured. Figure 2.1(a) shows the 
spin transition from 2 to 1; the energy being converted into 
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h^o h^, h^lo-^h^i 
h^ o 
a) Direct Process (b) Raman Process 
hi 31 hi, 31 
(c) Orbach Process 
g. 2.1 - Schematic diagram to demonstrate Direct, Raman and 
Orbach processes. 
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a single phonon at resonant frequency y . The direct 
process occurs at low temperatures. 
ii) Raman Process: It is a two phonon process at higher 
temperatures in which a phonon at frequency v-, is absorbed 
and a second phonon at y^ is emitted, the frequency 
difference (V - "^-i ) being equal to resonance frequency V Q * 
This frequency difference (>'_->'- = v ) is the only condition 
for the Raman process which may involve phonons from any 
part of the frequency spectrum whereas the direct process 
involves phonon of a particular frequency y . 
iii) Orbach Process: In this process, two successive 
transitions occur via an intermediate state. The spin 
transferred to high level 2 by absorbing hy further 
transferred to an excited level 3 not belonging to the 
ground state by absorbing another phonon hyo-,. A phonon 
hy^, is emitted due to spontaneous transition frcm the 
higher level 3 to the initial level 1 such that 
hy-., = h'V + hVp. Low lying excited states for this type of 
process are found in rare earth impurities doped in 
crystals. 
B. Spin-Spin Relaxation 
When the magnetic dipoles are close enough, they 
experience local fields resulting from dipolar fields of 
34 
t h e i r neighbours. The spins exchange energy among 
themselves by t h e i r mutual o r i en ta t ions change, and 
r e - e s t ab l i sh the thermal equilibrium exponentially with 
time constant T^ known as spin-spin re laxa t ion time. This 
spin-spin re laxat ion process leads to exchange of energy a t 
a f a s t e r r a t e than the s p i n - l a t t i c e re laxa t ion process and 
therefore T2 i s smaller than T, . 
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CHAPTER - III 
EXPERIMENTAL DETAILS 
EXPERIMENTAL DETAILS 
3.1 Crystal Growth 
Single crystals of Aminoniura Magnesium Trichloride 
2+ Hexahydrate (NH.MgCl^/BHjO) doped with VO were grown at 
room temperature from aqueous solution. The saturated 
solution was prepared by mixing ammonium chloride and 
magnesium chloride in stoichiometric ratio and the impurity 
was introduced into the mixture by adding a little quantity 
cf vanadium sulphate (0.5% by weight) . The cooled solution 
was filtered and kept at room temperature for slow 
evaporation. Transparent parallelepiped-shaped single 
crystal? with clear faces were obtained. 
3.2 EPR Spectrometer 
The EPR spectra have been recorded using the E-line 
Century Series E-109 X-band spectrometer. The principal 
units of the spectrometer are shown in a block diagram in 
Figure 3.1. The various units and their functions are 
described briefly below: 
i) Electromagnet 
It is an electromagnet producing a homogeneous magnetic 
field H which can be varied from zero to 5K gauss. 
ii) Magnet Power Supply 
I t provides a stable, controlled current for energizing 
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Fig.3-1 Block diagram of an EPR spectrometer. 
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the coils of the electromagnet to produce the required 
magnetic field. 
ill) Scanning Unit 
To attain the resonance at a given microwave frequency 
the magnetic field H is varied by varying the current 
through the coils continuously. The scanning unit supplies 
a control voltage to the input of the current regulated 
magnet power supply. This control voltage is varied 
linearly with time providing a linear sweep of the magnetic 
field. 
iv) 100-KHz Sweep Generator 
Modulation is achieved by placing small Helmholtz coils 
on each side of the resonant cavity along the axis of the 
static field. The 100-KHz sweep generator provides a small 
modulation of the static field H at the sample within the 
resonant cavity. It also supplies a phase reference voltage 
to the signal phase detector. 
v) Audio Sweep Generator 
It produces an additional magnetic field modulation^^to 
the cavity as well as a sweep for the oscilloscope X-axis. 
vi) Klystron Oscillator 
In most EPR spectrometers, the source of microwave 
radiation is Klystron or Gunn diode oscillator. Klystron 
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oscillator produces microwave power and sends it to hybrid 
tee through rectangular waveguide in TE,Q2 niode. The power 
flow is cent rolled by a variable attenuator connected 
between the klystron and the hybrid tee. An Automatic 
Frequency Control (AFC) system (Fig. 3.2) is usually 
included for optimum stability of the microwave oscillator 
and reducing microphonics. The klystron output frequency 
should be modulated with respect to the resonant frequency 
of the sample cavity. This frequency modulation is done by 
using the AFC phase detector and the klystron reflector. 
vii) Hybrid Tee 
It does not allow microwave power to pass directly from 
arm 1 to the arm 4 opposite (Fig. 3.1). The power from 
arm 1 is equally divided between arms 2 and 3. No power 
will enter arm 4 all of it is absorbed in the arms 2 and 3. 
Thus the crystal detector does not receive any energy. When 
a change is observed in the terminating impedance of arras 2 
and 3 that will unbalance the hybrid tee and power will 
reach in arm 4. The crystal detector in arm 4 may receive 
this energy. 
viii) Resonant Cavity 
A microwave resonant cavity is fabricated from high 
conductivity metal with dimensions comparable to the 
wavelength. At resonance, the cavity is capable of 
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sustaining microwave oscillations which form standing wave 
pattern or mode. The cavity is designed in such a way that-
microwave magnetic field H, acts at right angles to the 
static magnetic field H at the sample which is located at 
the maximum of microwave magnetic field. The resonant 
cavity acts like a tuned circuit (i.e., a parallel ^ R-L-C 
combination) of high quality factor Q. 
where 
_ 27rXmaximum microwave energy stored in the cavity) 
energy dissipated per cycle 
When resonance occurs in the sample, the impedance of the 
cavity is changed and some power is reflected to the crystal 
detector in the hybrid tee. 
ix) Crystal Detector 
The commonly used detector silicon crystal demodulates 
the microwave energy. The demodulated 100 KHz signal 
voltage contains EPR information. This EPR signal is 
amplified by 100 KHz Amplifiers following the crystal 
detector. A crystal detector produces an inherent noise 
which decreases with the increase in frequency of the 
detected signal (j). This noise is minimized with 10 0 KHz 
magnetic field modulation. 
x) Signal Phase Detector 
To reduce the noise further, phase sensitive detection 
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is used following amplification. The amplified signal is 
carried out to the input of the signal phase detector. The 
phase detector combined with an integrator and a graphic 
recorder provides the recording of the EPR spectrum. 
xi) Oscilloscope 
An oscilloscope is included in the spectrometer for 
initial set-up, adjustment and signal observation. It is 
also used for check-out and adjustment of system lanits. 
3.3 Recording of EPR Spectra 
The single crystal is glued to the end of the quartz 
rod of diameter 5 mm and placed inside the resonant cavity 
through a hole. It is positioned in the region irradiated 
by microwave energy from the klystron such that the magnetic 
field component of electromagnetic wave is perpendicular to 
the steady magnetic field. The magnetic field is varied 
slowly at the sample in the cavity to reach a value required 
for resonance. 
By adjusting the tuning of the klystron both 
mechanically and electronically and the AFC system, the mode 
of operation can be shifted to match the frequency of the 
resonance sample cavity. This is indicated by an absorption 
dip in the klystron power mode precisely at the resonance 
frequency of the cavity. The depth of absorption mode 
indicates the amount of power being absorbed by the sample. 
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The klystron frequency is matched with that of the sample 
cavity by AFC system. As a resul of resonance, some of the 
power reaching the cavity is absorbed by the sample and the 
hybrid tee gets xmbalanced. The unbalanced power is 
received by the crystal detector which responds to the 
100 KHz signal voltage containing EPR information. Once EPR 
signal is obtained, the amount of radio frequency power 
delivered to the sample is adjusted empirically and the 
first harmonic presentation of EPR signal can be observed on 
the oscilloscope. Oscilloscope is also used for check-out 
and adjustments of system units. When oscilloscope shows a 
suitable spectrum, it is recorded on the chart by a graphic 
recorder. 
As a reference for the measuronent of the magnetic 
fields at various resonance lines, the resonance line of 
DPPH with g=2.0036 is used. Spectra at liquid nitrogen 
temperature are recorded by using a quartz insertion type 
dewar. 
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CHAPTER - IV 
ELECTRON PARAMAGNETIC RESONANCE OF VO "*" 
IN AMMONIUM CARNALLITE 
ELECTRON PARAMAGNETIC RESONANCE OF Vo2+ IN 
AMMONIUM CAJINALLITE 
4.1 Introduction 
Hydrated double chlorides NH^MgCl^.6H2O and 
RbMgCl-..6H„0 are isomorphous and are known as anutionium and 
rubidium carnallites respectively after the mineral 
carnallite (KMgCl-, .SHjO) which is found in marine deposits 
formed by evaporation of sea water and has been an important 
source of potassium and magnesium. The crystals of ammonium 
carnallite have been grown successfully in our laboratory 
2+ 
and EPR investigations carried out on Mn doped ammonium 
carnallite have already been reported. Present chapter 
2+ deals with EPR investigations of VD doped ammonium 
carnallite. 
4.2 Crystal Structure 
2 
Andress and Saffe had determined the crystal 
structure of ammonium carnallite (NH.MgCl^.6HpO) and 
rubidium carnallite (RbMgCl^.eHjO) and resorted that both 
are isomorphous with monoclinic unit cell parameters 
a = 13.30, b = 6.66, c = 6.68A, p "^  90» and Z = 2 for 
NH^MgCl3.6H20 and a = 13 .30 , b = 6 .65 , c = 6.62A, ^ '^ 90°, 
and Z = 2 for RbMgCl2.6H20. 
3 Nakayasu, Suzukawa and Kobayashi r e - i n v e s t i g a t e d the 
c r y s t a l s t r u c t u r e of NH^MgCl^.eH-O and r epo r t ed the 
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s t ruc tu r e to be t r i c l i n i c Pi with a = 6.665, b = 13.301, 
c = 6.665A, OC = 89.92, p = 91.52, r = 89.99° and Z = 2. 
They found Mg-0 bond lengths in the c r y s t a l a re d i f fe ren t . 
Two Mg-0 bonds are shorter in length than the other four. 
On the basis of the repor t of Nakaya su e t a l . 
4 
mentioned above, Waizumi e t a l . have reported the 
modifications in the c rys t a l s t r u c t u r e of RbMgCl-.6H20 and 
shown tha t i t i s also t r i c l i n i c jus t as NH^MgCl2.6H20 i s ; 
and not monoclinic. 
5 Most recent repor t of Marsh referr ing to all—^the 
above mentioned r e s u l t s describes a fur ther modification in 
the c rys t a l s t ruc tu res of ammonium and rubidium carnal l i t e s . 
According to Marsh, the monoclinic uni t c e l l s for NH. and Rb 
2 
carnal l i t e s reported by Andres s and Saffe correspond to 
pr imi t ive c e l l r a ther than to a C-centered c e l l . Primitive 
c e l l i s improper for several reasons and a monoclinic 
C-centered ce l l with space group C 2/c i s a proper unit 
c e l l . 
An important research paper by Solans e t a l . has not 
been referred to in any of the recent repor ts mentioned 
5 above. Conclusions derived by Marsh a r e the same as those 
7 
reported earlier by Salans et al. in 1983. Marsh already 
has apologized Solans et al. for over sight of Solans' paper 
in 1992. The crystal structure of NH.MgCl-.6H_ 0 reported by 
Solans et al. is monoclinic C 2/c with parameters a = 9.32 0^ 
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b = 9 . 5 8 2 , c = 13 .327A, p = 9 0 . 1 2 ° , and Z = 4 . The 
2+ - + 
s t r u c t u r e c o n s i s t s of d i s c r e t e Mg(H20)g , CI , and NH, i o n s 
l i n k e d by i o n i c f o r c e s and h y d r o g e n - b o n d i n t e r a c t i o n . Each 
2+ Mg i o n i s s u r r o u n d e d by s i x w a t e r m o l e c u l e s i n o c t a h e d r a l 
a r r a n g e m e n t . The a v e r a g e Mg-0 bond l e n g t h and 0-Mg-O bond 
a n g l e a r e r e s p e c t i v e l y 2 .5 3A and 8 9 . 7 ° fo rming a l m o s t a 
2+ 
r e g u l a r o c t a h e d r o n . Mg(H_0)g o c t a h e d r a a r e n e a r l y e q u a l l y 
o r i e n t e d w i t h t h e c - a x i s . 
Each NH i o n i s s u r r o u n d e d by s i x C l i o n s i n n e a r l y 
r e g u l a r o c t a h e d r a l a r r a n g e m e n t w i t h a v e r a g e Cl-N d i s t a n c e 
3.34A and each C l i o n i s h y d r o g e n - b o n d e d t o s i x w a t e r 
m o l e c u l e s and two NH. i o n s . The c r y s t a l may b e v iewed a s t o 
c a i s i s t of a ne twork of t o p s h a r i n g [NH.Clg] o c t a h e d r a and 
2+ i s o l a t e d [MgCHjO)^] o c t a h e d r a o c c u p y i n g h o l e s i n t h e 
[NH.Clg] n e t w o r k . A tomic c o o r d i n a t e s a r e g i v e n i n 
T a b l e 4 . 1 . I n t e r a t o m i c d i s t a n c e s and a n g l e s a r e g i v e n _ i n 
T a b l e 4 . 2 . F i g . 4 . 1 shows t h e c r y s t a l s t r u c t u r e of 
NH^MgCl2.6H20. 
4 . 3 Theory 
3 2 Vanadium has electronic structure [A] 3d 4s where [A] 
4+ 
stands for closed argon shell. Tetravalent vanadium V 
with electronic structure [A] 3d exists in most stable form 
2+ 4+ 1 
as VO molecular ion. The V ion with 3d configuration 
and 0 ion 2p configuration form a strong covalent bond : 
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Table 4.1 
4 
Final Atomic Coordinates (xlO ) of NH^MgCl,.eH-O 
Cl(l) 5000 0 5000 
Cl(2) 2544(1) 7384(2) 7467>{1) 
Mg 5000 5000 5000 
N 5000 13(6) 7500 
0(1) 4103(3) 6876(2) 5381(2) 
0(2) 3194(3) 3990(2) 5511(2) 
0(3) 4084(3) 5134(3) 3601(2) 
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T a b l e 4 . 2 
I n t e r a t o m i c D i s t a n c e s (A) and Angles ( ° ) i n t h e Un i t C e l l of 
NH.MgCl 3.6H2O 
Mg-O(l) 2 . 0 4 7 ( 2 ) C l ( 2 ^ ) . . . 0 ( l ) 3 . 1 7 7 ( 3 ) 
Mg-0(2) 2 . 0 5 9 ( 2 ) Cl( 2^^^) . . .0 ( 2) 3 . 1 8 0 ( 3 ) 
Mg-0(3) 2 . 0 5 3 ( 2 ) C l ( 2 ^ ^ ^ ) . . . 0 ( 3 ) 3 . 1 8 6 ( 3 ) 
C 1 ( 1 ^ ) . . . N 3 . 3 3 2 ( 2 ) C l ( 2 ^ ^ ^ ^ ) . . . 0 ( 3 ) 3 . 1 5 9 ( 3 ) 
C 1 ( 2 ^ ^ ) . . . N 3 . 4 0 4 ( 3 ) 0 ( l ) - M g - 0 ( 2 ) 8 9 . 8 ( 1 ; 
C 1 ( 2 ^ ^ ^ ) . . . N 3 . 2 8 4 ( 3 ) 0 ( l ) - M g - 0 ( 3 ) 9 0 . 1 ( 1 ) 
C 1 ( 1 ^ ^ ) . . . 0 ( 1 ) 3 . 1 4 9 ( 2 ) 0 ( 2 ) - M g - 0 ( 3 ) 8 9 . 5 ( 1 ) 
C l ( l ^ ) . . . 0 ( 2 ) 3 . 2 0 2 ( 2 ) 
Symmetry Code: 
( i ) x , y , z (v) x-h, y+^if z 
( i i ) X, y - 1 , A ( v i ) h-x, Y'h, 3 / 2 - z 
( i i i ) x+h, y-h, z ( v i i ) x , 1-y, z-\ 
( i v ) X, y + 1 , z ( v i i i ) Jj-x, ^ ' Y ' ^"^ 
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Fig. 4.1 Monoclinic Unit Cell of NH4MgCl3.6H2O (After X.Solans 
et al.. Acta Cryst. C39., 1488 (1983). 
* Hydrogens of NH have not been shown, 
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A very strong (T* bond is formed between the (2p +2s) hybrid 
of oxygen and (3d 2+4s) hybrid of vanadium ion; 2p and 2p 
orbitals on oxygen make a strong fc bond with 3d and 3d 
2+ 
orbitals on the metal ion. These o^ and ft bonds make VO 
such a stable molecular ion. Remaining (3d 2-4s) hybrid, 
and orbitals 3d 2 2, 4p , 4p and 4p are capable of 
X -y '^x ^y ^z ^ 
forming f i v e G^ bonds d i r e c t e d i n a t e t r a g o n a l pyramid w i t h 
4+ V i o n l o c a t e d a t i t s b a s e . In many c a s e s , t h e s e f i v e 
Ov/ bonds may b e u s u a l l y formed i f o t h e r o x y g e n s a r e a v a i l a b l e 
i n t h e v i c i n i t y such a s t h r o u g h w a t e r m o l e c u l e s i n s o l u t i o n 
or hydra t e d c r y s t a l s , oxygen e n v i r o n m e n t i n o t h e r 
c r y s t a l l i n e m a t e r i a l s and so o n . The 3d o r b i t a l of 
•^  xy 
vanadium i o n r e m a i n s as non -bond ing o r b i t a l . 
2+ 2+ 
Bonding scheme f o r VO i o n i n a complex [V0(H20)c] 
may be v i s u a l i z e d by c o n s i d e r i n g a t e t r a g o n a l c r y s t a l f i e l d 
4+ C. f o r c e n t r a l V and s u r r o u n d i n g l i g a n d s . V a r i o u s 
o r b i t a l s and l i g a n d s t r a n s f o r m u n d e r C, symmetry i n t h e 
f o l l o w i n g way: 
Vanadium o r b i t a l s : 3d—* a , + b , + b^ + e 
4p—> a, + e 
4s —>a. 
Oxygen o r b i t a l s : (J^ —» a , 
7C — » e 
Water l i g a n d s : <f^ —^ 2a , + b , + e 
The bonding scheme is shown in Fig. 4.2. Unpaired 3d 
electron occupies the non-bonding vanadium orbital 3d with 
symmetry of b~. 
In a crystalline field of symmetry less than cubic 
(tetragonal or lower), the lowest level will be an orbital 
singlet and its spin degeneracy (3d electron with S=>i) will 
be removed in a magnetic field producing two energy levels 
with separation dependent on the strength of the magnetic 
field. In such a case only one five structure transition 
can be expected in EPR:, AS the nuclear spin of vanadium 
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nucleus V, which is 99.8% abundant, is I = 7/2, its 
magnetic interaction with S = h splits each fine structure 
level into eight hyper fine levels and EPR would show eight 
hyperfine transitions according to the selection rule 
AM = +1; 4m = 0 (Fig. 4.3). As EPR is due to molecular ion 
which itself has an axial field, normally the spectrum can 
not be expected to reveal any cubic site symmetry of a 
lattice. 
The spin Hamiltonian characterizing the electronic and 
2+ 
nuclear spin interaction in VO alongwith electronic Zeeman 
9 interaction may be expressed as 
yi = BS.g.H + I.A.S (4.1) 
where B is the Bohr magneton, S is the electronic spin, g is 
the spectroscopic splitting factor, H is the external 
54. 
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m 
M 3 = ^H 
S = Jj 
Mg= -h 
F i g . 4 .3 - Hyperfine Spl i t^ 
^ings with S = J5 and l = 7 /2 . 
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applied magnetic field, I is the nuclear spin, and A is the 
2+ hyperfine interaction parameter. The EPR spectrum of VO 
in a tetragonal or axial symmetry is analysed by using the 
above Hamiltonian in the form 
'V = g..BH S + g, p(H S +H S ) + A,,I S + A/(I S +I,S ) (/i ^»r z z ^Xr X X y y 'tzz - ^ x x y y 
(4.2) 
Resonance values of the magnetic field required to 
produce eight hyperfine transitions (AM = _+l, Am = 0) of VD 
at a given frequency >) are obtained by solving the spin 
Hamiltonian equation (4.2). The solution provides the 
following relations 
« = «o - ^ - - T-TT t^ (^ -^ l) - ^^ 
^r 4H^g p K 
IA„-Ax}g g^^ 2 9 9 
o o o A (Sin^ e Cos^ e)m'^  (4.3) 
2H^ g^ p''K^ g^  
2 2 2 2 2 
where g = g,. Cos 0 + gj^  Sm 0, 
H = —g, v= Resonance f requency, 
2 9 9 2 2 9 2 9 
and K^g^ = A,, 9,^  Cos 9 + A_[ g^ Sin' ' e . 
e is the angle between the symmetry axis and the magnetic 
field H.' For parallel and perpendicular hyperfine lines, 
the relations (4.3) of resonance magnetic field values are 
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s i m p l i f i e d a s f o l l o w s 
2 ^l 
H„(m) = H „ ( 0 ) - mA„ - [ 6 4 / 3 - m^] ^ H ( Q ) 
A + A I 
H_L(m) = Hj^(0) - niAi - [ 6 3 / 4 - m^] ^ ' ^ ^^^ ( 4 . 4 ) 
m = +7/2, +5/2, +3/2, and +1/2; 
H,, = -?2— and H , = ~ . 
In the cases of molecular rotations of VO^ "^  with a 
correlation time (Tc) much shorter than the reciprocal of 
the spread of the spectrum in frequency, equation (4.1)"'"°'"''"'" 
reduces to an isotropic Hamiltonian 
(A iso g^p.S + AoI.S (4.5) 
where g^^ = 1/3 (g,| + 2gj_) and Aj, = 1/3(A„ + 2AJL) . 
The resonance magnetic field values for isotropic spectrum 
are given by 
"iso^ "*^  = «o - V - [63/4 - n.2 ] ^  (4.6) 
^ 
where H = — - . 
o go^ 
The linewidths in th^ isotropic EPR spectrum of VO in 
crystals have been found to depend upon the nuclear spin 
12 2+ 
magnetic quantum number m just as in the spectrum of VO 
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in liquids. Therefore Kivelson's theory of paramagnetic 
13 
relaxation in liquids may be applied to the single crystal 
2+ 
systems showing isotropic EPR behaviour of VO also. 
Accordingly the linewidth of a hyperfine line is expressed 
by the relation 
A H = (;^)^ = -rc/T (a^ + a2m + a3m^) (4.7) 
where the factors a,, a^r and a^ are related to the 
anisotropy in g-factor (g^ - 91 )/ the anisotropy in 
hyperfine interaction (A|| - Aj_) and correlation time T' 
describing the rapid motion of paramagnetic complex, and the 
resonant frequency. Following relations may provide the 
values of a,, ^2' ^^'^ ^o 
^1 = Tc[(V45)(AyH^)2 + (63/16)b2] + k, 
^2 = -^[(7/15)bAy'H^], 
and a3 = T (bVlO). (4.8) 
where AV = •/,, - Yj. = j|(g„ - g^), 
b = 2/3(A„ - A^), H^ = ^ . hj 
k is a factor which takes into account the contribution from 
spin-orbit coupling, interionic interactions and in general 
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from all mechanisms not sensitive to nuclear orientation m. 
For the validity of equation (4.7), spectral lines should be 
well separated; Zeeman term should be largest term, 9,1 - gj_ 
should be small, lineshapes should be nearly Lorentzian, and 
the effect of interionic interaction and spin-orbit 
interaction should be ignored. 
Experimental values of linewidths of hyperfine lines 
13 
are obtained by using the following relation 
2 
derivative height x (linewidth) = constant. (4.9) 
The linewidth and the height of the narrowest derivative 
line are measured directly from the observed spectrum. 
Heights of the remaining derivative lines are also measured 
directly from the spectrum but their widths are calculated 
using the above relation. Using the values of A H so 
obtained and the equation (4.7), a,, a„, and a- are 
computed. Values of a,, a.^, a,, and m being known, the 
equation (4.7) can be used to calculate theoretically the 
values of A H (linewidth) and a curve may be plotted. If 
experimental widths are close to the theoretical curve, the 
2+ behaviour of VO m the crystalline environment is same as 
in the liquid. 
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4.4 Results and Discussion 
2+ Vanadyl ion VO has been studied in a variety of 
14 lattices by EPR and shows two different behaviours in 
different lattices. It may either rotate freely or stay 
rigid with preferential orientation in a lattice at normal 
-1 c T f. 1 Q 
t e m p e r a t u r e s . In t h e l a t t i c e s l i k e a l k a l i h a l i d e s ' ' , 
n i t r a t e s , NH^Cl,"''^ Mg(ClO.) .SH-O, NH.HC 0 , .'5H2O, t h io i i r ea , 
18 
urea o x a l a t e and so on i t shows r o t a r y behaviour g iv ing on 
i s o t r o p i c EPR spectrum. On t h e o t h e r hand in the l a t t i c e s 
T-i 1 19,20 J , , 1 V, ^ 21,22 , . ^ 18,23,24 
l i k e alums , double s u l p h a t e s , s u l p h a t e s , 
1 Q 
selenates, double selenates and some other compounds, it 
is found to have preferential orientations showing 
angle-dependent EPR spectra. The apprehension that 
2+ preferential orientations of VO are found in the lattices 
having water molecules or sulphate ions with their oxygens 
2+ 
coordinated to VO has not always been found true. The 
lattices containing halogen ligands ' surrounding VO 
have also shown preferential orientations. 
On the other hand, in the lattices like BaCl„.2H_0 and 
25 BaBr2.2H20 where each alkaline earth ion is surrounded by 
2+ four chlorine atoms and four water molecules, VO does not 
show any preferential orientation. The presence of oxygen 
environment in (MgClO, )2.6H20 and NH.HC^O. .J5H2O has not been 
2+ found to provide preferred orientations to VO . Thus 
preferential orientations or rapid tumbling rotatory motion 
6i 
could not be related to the type of ligands present in the 
^ -.18,25 
crystal 
2+ . . . 
As far as EPR study of VO in the lattices containing 
, no OQ 9 j_ 
NH. ions is concerned, in (NH^)2S0. ' , VO has been found 
to substitue with preferential orientations at B - NH. sites 
having octahedral arrangement of oxygens of SO. ion. 
2 + However, VO has not been found at substitutional sites m 
29 + 
(NH.)»SeO though NH was surrounded by oxygen octahedron. 
2 + The EPR spectra confirmed that VO entered the (NH .)SeO^ 
lattice preferentially at low symmetry points occupying 
simultaneously several distinct sites. In hydra ted double 
selenates like (NH,)„Zn{SeO.).6H„0 and (NH.)„Co(SeOJ^.6H „0 
4 2 4 2 4 2 4 2 2 
VO preferred to occupy distinct Zn and Co sites with 
water octahedron surroundings rather than occupying NH 
17 . 2 + 
sites. Lastly m NH.Cl , all orientations of VO are 
possible and also there may be readjustment of V-0 bond axis 
from one orientation to the other resulting in a random 
distribution of V-0 bond axis. Similarly, if the lattices 
2+ 2+ 2+ 
containing Mg are considered, VO has replaced Mg 
1 8 
surrounded by water octahedron in MgSeO ..6H„0 showing 18 preferential orientations; but in Mg(ClO.)^.6H„0 , with 
2+ . . . 12 
Mg in the same environment with two distinct sites, 
2+ . . . 
VO shows no preferential orientations. Thus 
2+ preferential/rigid orientations of VO have been observed 
in substitutional as well as interstitial sites in some 
62 
+ 2+ . • 
lattices containing NH^ and Mg . Random orientations, 
2+ tumbling motion/rotatory motion of VO have also been 
+ 2+ 
observed in some other lattices containing NH^ and Mg 
2+ Present EPR investigations of VO doped in 
NH.MgClo•6H„0 show an isotropic angle independent eight line 
hyperfine spectrum designated as spectrum I at room 
temperature (Fig. 4.4). NH^ and Mg sites are available to 
2+ + 
VO for substitution though all NH^ sites are equivalent, 
2+ . . . + 
Mg occupies two distinct sites. In double salts with NH. 
2+ 
sites and divalent cation metal ions, VO has chosen t^o 
18 
occupy divalent cation ion site . Therefore in 
NH.MgCl^.SH-O also it may be expected to enter the lattice 
2+ . 2+ 2+ 
at Mg sites. Mn substituting Mg in NH.MgCl^.GH-O has 
already shown two distinct EPR spectra having angular 
1 2 + 
variation. However the observed spectra of VO in 
NH-MgCl2.6H20 IS isotropic and does not show preferred 
orientation. The isotropic eight line hyperfine spectrum of 
2+ 
VO at room temperature, reflects its behaviour similar to 
that in Mg(ClO^) 2.6H20-*-^  or NH^ Cl"''^  and NH^NO^ crystals. 
2 + Such a behaviour occurs due to VO undergoing a rapid 
tumbling motion in the crystalline lattice. Fast 
reorientation rate of V-0 bond results in the averaging out 
of anisotropies in g and A tensors. It cannot be 
2+ . . . 
distinguished whether VO in NH.MgCl^.6H„0 is coordinated 
to halogens or to water molecules or to both as in such 
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cases it has been found to show isotropic spectrum also 
according to earlier reports ' ' ' . The spectrum I has 
been analysed using the spin Hamiltonian (4.2) and the 
values of the parameters are given in Table 4.3. 
As the temperature is lowered, fast reorientation of 
V-0 bond acts progressively hindered, and on reaching at low 
temperatures such as liquid nitrogen temperature, the 
reorientation rate is slow enough that the anisotropies in g 
>^^ 
and A tensors are not averaged out and get reflected in the 
spectrum. The spectrum observed {spectrum II, Fig. 4.5) is 
anisotropic but without any angular dependence. The 
spectrum reveals the characteristic parallel and 
perpendicular components levelled as 'a' and 'b' in 
2+ Fig. (4.5). For statistically oriented VO in a lattice, 
the resonance lines are distributed for each m value between 
. . 9 two extreme positions which are characteristic of parallel 
and perpendicular orientations. Spectrum II has been 
analysed using the spin Hamiltonian (4.1) and the values of 
parameters are given in Table 4.3. The features of 
spectrum I observed in NH.MgClo•6H_0 resemble with those of 
the spectrum reported by O'Reilly for vanadyl 
etioporphirin (VEPI) in benzene solution (low viscous 
medium) while the features of the spectrum II are similar to 
those of VEPI dissolved in high viscous oil. For this 
2+ 
reason, VO may be said to show 'liquid like' behaviour in 
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NH.MgCl^.eH-O also. Effect of the crystal field and 
association with ligands is not explicitly menifested in any 
2+ 
manner, except in hindering the motion of VO ion at low 
temperatures. 
Spectrum II is also very much similar to those of solid 
asphaltenes containing vanadium porphins and VO in 
30 polycrystallme Tutton's salts . Therefore it may be said 
to correspond to powder spectrum. 
EPR linewidths in spectrum I at room temperature have 
been found to show a variation with nuclear magnetic quantum 
number m and follow the Kivelson's theory. Equation (4.9) 
has been used to evaluate observed A H values and 
equation (4.7) has been used to determine the constants a,, 
32/ and a^ from the observed values of AH. The constants 
a,, 32/ and a- may be used to predict the variation of 
linewidths. The best fit values of the constants a,, a^ and 
a^ in the expression (4.7) are given below in units of mT. 
a^^ = 0.968/ a2 = -0.128 and a^ = 0.066. 
Fig. (4.6) shows the experimental points and predicted 
variation of linewidths. As Kivelson's theory essentially 
explains, behaviour of linewidths in liquids by 
equation (4.7), the resemblence of experimental points with 
Kivelson's expression further confirms a liquid like 
behaviour of VO^ "*" in NH^MgCl^. 6H2O. 
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7/2 5/2 3/2 1/2 -h -3/2-5/2-7/2 
m 
2+ Fig. 4.6 - Plot of Linewidth vs. m in the EPR of VO dopea 
in Nri,MgC1^.6H„0 single crystal. The solid curve 
represents predicted parabolic variation or the 
linewidth while circles denote the experimental 
values at RT. 
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